Introduction
Neovascular abnormalities define retinopathy of prematurity (ROP) in the immature retina of preterm born children. Although the disease could be mild and resolves spontaneously in the majority of cases, retinopathy of prematurity (ROP) remains a leading cause of avoidable blindness worldwide. 1 The onset of ROP occurs at preterm ages during a period of rapid development of the rod photoreceptor outer segments. 2 Electroretinographic studies of infants with a history of ROP found significant deficits in rod photoreceptor and rod-mediated postreceptor sensitivity compared to term-born control infants. 2, 3 Interestingly, rod-mediated vision is affected in some children with mild ROP. 3 Specifically, the darkadapted psychophysical threshold in the parafoveal retina is elevated relative to the threshold in the peripheral retina. 4 In term-born control subjects, the parafoveal and peripheral thresholds are equal. 4, 5 Because the course of development of primate parafoveal rod outer segments is delayed compared to that of peripheral rod outer segments, [6] [7] [8] parafoveal rods are less mature than peripheral rod outer segments during the time of active ROP, and possibly more susceptible to the outer segment abnormalities. 4, 9 Full-field studies, however, cannot evaluate specific retinal sites under dark-adapted conditions. Focal dark adaptometry performed with parafoveal stimuli could help close the gap in the assessment of rod-dependent function in children with a history of ROP. Subtle changes under photopic lighting conditions in the foveal and parafoveal area, reported in previous studies, 10 were most accurately evaluated with fundus-controlled perimetry. Unfortunately, dark adaptometry as a practical diagnostic tool is influenced by long test duration, high patient burden, and lack of accurate fixation control. Dark adaptation protocols used in different research projects require up to 60 or more minutes, and typically more than 100 threshold estimates are made. The long duration and a high number of threshold measurements may fatigue some patients and affect reliability.
Recently, we introduced the term macular developmental arrest (MDA) as a description of a shallower foveal pit together with inner and outer retinal changes, a morphologic alteration of the fovea that we observed with higher prevalence in children with a history of prematurity, regardless of the presence of spontaneously regressed ROP (sr-ROP) or not. 11 We defined MDA as the ratio of the outer nuclear layer (ONL) þ external limiting membrane (ELM; both assigned as ONLþ) to the inner retinal layers (IRL) being 6.5 at maximum. This calculation was used in this study to define groups.
We previously developed a fundus-controlled method for measuring dark adaptation that minimized patient's fixation inaccuracy and maintained sensitivity and specificity of the method. 10 Since parafoveal rod-mediated vision is compromised in former premature children with or without a history of mild ROP, we wanted to test whether there is a more specific correlation of this functional deficit with MDA, and not generally with prematurity. To do so, we tested dark adaptation for the cone and rod pathways, for cones in the center, and for rods at 128 temporal to the foveal center in former premature children with and without MDA. The results of central spectral domain optical coherence tomography (SD-OCT) and dark adaptation course analysis were compared to those of term-born healthy agesimilar children.
Methods Subjects
The present investigation was performed as a part of a long-term follow-up study of prematurely born participants from a prospective multicenter field study conducted between 2001 and 2007. 12 All 90 preterm children included in our study were imaged at the prospective ROP screening study starting at 32 weeks postmenstrual age (PMA) by digital wide-field retinal imaging (RetCam I; Massie Research Laboratories, Inc., Pleasanton, CA), which provides objective documentation of ROP. 12 In our study, only children without apparent psychologic or neuronal disorders, neonatal hypoglycemia, intraventricular hemorrhage, or severe birth asphyxia-related hypoxic-ischemic encephalopathy were included. All children attended mainstream school in the absence of significant deficiencies in basic literacy and numeracy. Parents also were explicitly asked as to early childhood development and performance at school. All perinatal data were available from the original field study. Demographic data and group formation are displayed in Tables 1 and 2 . Eleven healthy age-similar termborn children were recruited from the local population who had no history of ocular abnormalities, strabismus, amblyopia, or high refractive errors, and who were capable of performing all tests in this study. The research followed the tenets of the Declaration of Helsinki. Ethical approval was obtained from the local institutional ethics committee (Az 150/09).
Dark Adaptometry
A commercially available Microperimeter MP1 (Nidek Technologies, Padova, Italy) was modified for two-color dark adaptometry, as we described previously. 10 Briefly, a customized external filter holder was placed in front of the objective lens of the MP1 and fitted with optical filters to modify background and stimulus intensities. The filter holder inclined the optical filters in a defined angle (188) to avoid distracting reflections. Light output of the MP1 was reduced by a thinned long pass filter (Schott RG780; customized material thickness 0.5 mm) for red stimuli and a bandpass filter (Schott BG3; standard material thickness 3.0 mm) for blue stimuli. The thinned Schott RG780 filter showed a full absorption of wavelengths below 600 nm and full transmittance of wavelengths above 800 nm. The standard Schott BG3 filter allowed transmission of visible light (.50% transmission from 290-435 nm) and infrared light.
Before the examination, the subject's eye was exposed for 5 minutes to a white Ganzfeld light of 770 cd/m 2 , provided by a ColorDome (Espion E2; Diagnosys LLC, Lowell, MA) placed beside the perimeter. Stimuli were presented at six positions of a customized pattern on the posterior pole of the retina (Fig. 1A) . Three temporal blue (at 128) and three central red stimuli (within 28) on a background of 0.16 cd/m 2 were used in each measurement (Goldmann III size stimuli). As described above, light output to the MP1 was filtered by Schott RG780 and Schott BG3 outside the instrument to create the stimulus colors red and blue. One sequence with three stimuli lasted for 30 to 45 seconds, and was repeated every 2 minutes during the whole session (32 minutes maximum duration; Fig. 1B) .
A customized red X, 108 in diameter, was used as the main fixation target. Gaps within the X allowed to project stimuli in the foveal center or at the pericentral position without interfering with the fixation target. A custom software tool exported the raw data from the acquisition computer and plotted the mean measured sensitivity of three blue, respectively three red, stimuli of every sequence in one diagram.
Calculation of the linear gradient of the rapid phase of dark adaptation (S2) was based on the logarithmic curve analysis of the complete curve course (see also the study by Lamb 13 ). For each patient a logarithmic adjustment was calculated by a curve analysis tool in MATLAB (MathWorks, Natick, MA). The extreme values of curve pitch changes before and after the rapid phase were automatically recognized. The respective measuring points between the marked extreme values were used for calculating the linear gradient of the rapid phase of dark adaptation. The formula of the rapid phase corresponds to the linear regression formula:
with a determining the intercept and b determining the slope of the linear regression line.
ONLþ/IRL-Ratio
High-resolution SD-OCT was performed using Spectralis-OCT (Heidelberg Engineering, Heidelberg, Germany). One eye of each participant was analyzed (matching to the eye in which fundus-controlled dark adaptometry was performed-always the better-seeing or dominant eye). Results of the left eye were mirrored along the vertical axis to be comparable with results of the right eye. For analysis of central thickness, only single scans (B-scan, .80 averaged scans) with the best resolution and best foveal centration were taken into account. Images were exported into a custom automated layer segmentation software 14 (DiOCTA; copyright by Justus-LiebigUniversity Giessen, Germany), and the thicknesses of the described retinal layers were measured automatically.
We measured the following: retinal nerve fiber layer (NFL); ganglion cell layer plus inner plexiform layer (GCLþIPL); inner nuclear layer plus outer plexiform layer (INLþOPL); ONLþELM; inner segment plus inner ellipsoid segment of the photoreceptor layer plus outer segment (OS) of the photoreceptor layer (Ellipsoid þ OS), and retinal pigment epithelium (RPE). The ratio of ONLþELM to the sum of inner retinal layers (NFLþGCLþIPLþINLþOPL ¼ IRL) overlying the foveal center was calculated, as described previously 11 ( Figs. 2A, 2B ). To elucidate the impact of pathologically changed foveal morphology, the groups were redistributed into groups with an ONLþ/IRLratio of 6.5 at maximum, defining MDA, and 7 and above as normal foveal morphology (no-MDA).
Statistical Analysis
Statistical analysis was conducted with Sigma Plot 12.0 (Systat Software GmbH, Erkrath, Germany). Normal distribution was tested with the Shapiro-Wilk normality test. Kruskal-Wallis 1-way analysis of variance (ANOVA) on ranks was applied to test for significant differences among the different premature groups and term-born to test for statistical differences between the groups. A Dunn's method was applied as a post hoc test for pairwise comparison. Dynamic curve fitting with polynomial equation was performed to reveal best regression results for the dark adaptation process.
Results
All analyses described below were performed within 101 children aged 6 to 12 years who were capable of undergoing SD-OCT and the funduscontrolled dark adaptometry procedure. All demographic data of preterm-born children with sr-ROP (n ¼ 29), preterm-born children without ROP (no-ROP; n ¼ 61), and age-similar term-born children (Term; n ¼ 11) are described in Table 1 . In Table 2 , the premature children were classified according to absence or presence of macular developmental arrest MDA, seen in the no-ROP and sr-ROP groups. For sr-ROP, the highest ROP stages seen at the original screening are shown in Table 1 . Mean visual acuity was similar in both groups of premature children.
SD-OCT examinations revealed in 16 of 29 sr-ROP and 27 of 61 no-ROP patients with MDA with a shallowed foveal pit coupled with significantly lowered ONLþ/IRL-ratio (P , 0.001; Fig. 2 , lower left image). A total of 47 children (n ¼ 13 sr-ROP; 34 no-ROP) showed a normal foveal configuration (no MDA group, Fig. 2 , lower right image). Mean retinal thicknesses were significantly higher in the sr-ROP (P ¼ 0.03) and no-ROP (P ¼ 0.05) groups comparted to the Term group. Accordingly, mean IRL (sr-ROP, P ¼ 0.013; no-ROP, P ¼ 0.034) and ONLþELM (sr-ROP, P ¼ 0.041; no-ROP, P ¼ 0.048) thicknesses were significantly greater in both ROP groups compared to the Term group. Furthermore, significant differences were found even between the sr-ROP and no-ROP groups (no signs of ROP seen during serial screening starting at 32 weeks PMA) in whole retinal thickness (P ¼ 0.031), IRL (P ¼ 0.023), and ONLþELM (P ¼ 0.030).
When redistributed in MDA (n ¼ 43; 16 sr-ROP and 27 no-ROP) and no-MDA (n ¼ 47; 13 sr-ROP and 34 no-ROP) groups, the standard deviation was reduced considerably in all analyzed OCT layer parameters ( Table 3 ). The MDA-group showed significant differences in whole retinal (P , 0.001), IRL (P , 0.001), and ONLþELM (P , 0.001) thickness compared to the no-MDA or Term groups. The no-MDA group showed no significance differ- Figure 2 . The composition of the preterm-born children groups participating in our study according to ROP in medical history and foveal morphology, as seen with OCT. Macular developmental arrest MDA was defined, in accordance with the study of Bowl et al., 11 when the ratio between the ONLþELM and inner retinal layers (ONLþ/IRL) was 6.5. Bottom line: two examples of MDA (left OCT scan) and foveal insemination (right OCTimage). Of note, phenotypic variability concerning the foveal insemination in MDA is high. 11 ences to values of term-born children (whole retina, P ¼ 0.673; IRL, P ¼ 0.764; ONLþELM, P ¼ 0.789). Also, visual acuity was significantly lower in the MDA group (Tables 1, 2 ; BCVA MDA group, 0.02 6 0.04; no-MDA group, À0.02 6 0.04; P ¼ 0.04). When distributed according to the highest stage of ROP at screening, there was a trend towards lower VA in children with more severe forms of ROP observed during the initial serial screening starting at 32 weeks of postmenstrual age (Fig. 3) . Due to the low number of children per group, it was not possible to calculate significances for this observation. Figure 4 visualizes the dark adaptation kinetics in the two groups; that is, with normal foveal morphology (no-MDA, n ¼ 47; Fig. 4A ), and with macular developmental arrest (MDA, n ¼ 43; Fig. 4B ). For both groups, the cone-mediated sensitivities to red stimuli (red filled area) and the rod-mediated sensitivities to blue stimuli (blue filled area) are shown, highlighting the delayed dark adaptation kinetics in the MDA group.
The dark adaptation curves of exemplary measurements for individual children after bleach are shown in Figure 5A . Preterm-born children with regular foveal morphology reached the final rodmediated dark-adapted threshold after bleach, measured with blue peripheral stimuli at 128 eccentricity, after a mean of 12 minutes at 18.8 dB. The linear gradient averaged 0.0253 dB/s in preterm-born children with regular foveal morphology and 0.0249 dB/s in term-born age-similar controls. The cone system, described by the reaction to central red stimuli recovered rapidly and reached its final average threshold within 10 minutes at 8.1dB.
Children with MDA showed a flatter course progression with a significant rod-mediated sensitivity recovery delay, expressed by a lowered linear gradient (0.0113 dB/s; P , 0.001; Figs. 5A, 5B; Table 3 ). The final rod-mediated dark-adapted threshold was reached after 18.7 minutes at mean 17.6 dB and showed no statistically significant difference to preterm-born children with regular foveal morphology (P ¼ 0.773). The cone-mediated threshold recovered rapidly and was reached after 10.2 minutes but at a significantly lowered mean final threshold of 6.0 dB (P ¼ 0.004).
Discussion
Our study adds evidence to the previously reported results that MDA in preterm born children has an effect not only on the central sensitivity under photopic conditions, but also on the speed of the dark-adaptation process. Others and we have shown a higher incidence of foveal abnormalities in SD-OCT examinations in infants and children with a history of ROP. 11, [15] [16] [17] It was supposed that the morphologic and functional changes in the central fovea went along with parafoveal changes and impairments of photoreceptors before and on the rod ring at 188 eccentricity. 15 In line with this, affected children tested in our study showed significantly decelerated od-mediated dark adaptation kinetics at 128 temporal to the foveal center, reduced visual acuity, and lowered cone-mediated threshold in the central fovea measured with a recently developed fundus-controlled dark adaptometer.
The process of dark adaptation, or the slow recovery of visual sensitivity after exposure to intense light, is associated with the regeneration of visual pigment. 18 The elevation of the threshold for the detection of visual stimuli depends on the estimated bleach-level of rod and cone photopigments, and follows after a near-total bleach a classic biphasic form, with an early cone-mediated and a later rodmediated phase. 19 The recovery of the rod-mediated threshold exhibits a region of typical slope across all bleach levels and is termed the S2 component of recovery. 20 It appears that this value is a universal characteristic of dark adaptation recovery in normal (young adult) human eyes and is widely independent of the proportion of the pretest bleach. 21, 22 Opsin, produced by bleaching, was proposed to be the substance underlying the S2 component. 22 In healthy human eyes, the rate-limited regeneration of rhodopsin and the S2 component have a common origin in a resistive barrier between a source of 11-cis retinal (RPE) and the opsin molecules in the outer segments. In certain disease states, the rate of regeneration drops to a lower level as a result of reduced enzyme activity. The lowered S2 component in our patient group with MDA resembles findings in patients with early age-related maculopathy 23 or patients with systemic vitamin A deficiency. 24 The final rhodopsin levels expressed as the final visual thresholds in all examined children were entirely average, indicating that the retina is otherwise functioning normally. The underlying morphologic deviations are yet to be clarified.
Our results of altered rod-mediated dark adaptation kinetics are in line with various other studies with electroretinography (ERG), psychophysical, and retinal imaging procedures that showed persistent effects on rod photoreceptor function in ROP children. 3, 15, 25, 26 The new finding is that MDA is the decisive parameter that may be considered as an objective novel biomarker. The critical diameter for spatial summation was shown to be larger in subjects with a history of ROP than in preterm children who never had ROP and term-born controls. 27 This effect was interpreted as evidence of intralaminar reorganization of the postreceptor ROP retina. 27 The critical duration of the light stimulus for temporal summation was longer in subjects with a history of ROP than in preterm children who never had ROP, and was attributed to slow kinetics of activation of rod phototransduction in ROP. 2, 27 Particularly interesting are results of an adaptive optics OCT study of the retinal laminae at 188 temporal eccentricity. 28 Akula et al. 28 found a higher ratio of postreceptor to photoreceptor thickness in ROP subjects than in term-born control subjects, which they interpreted as loss or disturbance of photoreceptors and compensation of the retina for altered photoreceptor inputs to the postreceptor retina. [27] [28] [29] We observed changed rod-kinetics at 128 temporal eccentricity, which means an area between the central fovea and the rod ring located at approximately 168 to 188.
The rod photoreceptors are the last retinal cells to mature, except a relatively small number of foveal cones. 27, 23 Additionally, the outer segments of the rods central to the rod ring undergo later developmental elongation than those peripheral to the ring, as a result of which dark-adapted visual thresholds central to the ring mature more slowly than those peripheral to the ring. 30 Persistent abnormalities of the intraretinal vasculature were revealed using different OCT-analyses. 15, 31 In a longitudinal study of infants with a history of mild ROP, Barnaby et al. 32 found that, even though the clinical disease had resolved spontaneously and entirely by term, darkadapted visual thresholds showed a protracted course of development that continued until 18 months postterm, whereas in term-born controls the thresholds were mature by the age of 6 months. 32 Matching these results, our measurement of the dark-adapted threshold after 20 minutes showed no statistically significant results between the children with and without morphologically changed fovea.
Reynaud et al. 33 found evidence that the neurosensory retina is involved in the ROP disease process by studying children and rat models of ROP. The escalating metabolic need of rods in the maturity process contributes to ROP. In rat models, rod photoreceptor dysfunction is detectable before vascu-lar outcome. 27, 34, 35 It was shown that recovery of the ROP rat's post-receptor retinal sensitivity and retinal vasculature is under the cooperative control of growth factors. 36 In children, there are significant effects on retinal and visual function after the clinical resolution of ROP. In ERG-studies, infants (median 10 weeks) with a history of ROP, showed lower rod and roddriven postreceptor sensitivity. 3 In children (median 10 years), postreceptor sensitivity normalized but the deficits in rod photoreceptor sensitivity persisted even when the ROP had been mild. 3 These data showed that after clinical healing, the postreceptor neural circuitry undergoes intralaminar reorganization. 37, 38 Thus, it appears that rod photoreceptors are involved before, during, and after active ROP. 27 However, our results showed that reduced rod-mediated function may occur even in preterm-born children without ROP. This would indicate that prematurity as such is an important trigger for impaired retinal development involving the macula, that is, MDA.
We showed that cone photoreceptor function (i.e., visual acuity and final threshold after dark adaptation) was reduced in premature children with and without ROP. This difference was statistically significant, in particular in the presence of MDA. In addition, the severity of acute ROP also had a role although there were not enough patients in the different subgroups for statistical analysis (Fig. 3) . Previous studies had also shown similar effects on cone function in premature children with and without acute ROP. 39, 40 However, at that time no correlation was made with MDA only visible with SD-OCT. It would be interesting to reexamine former patient cohorts with SD-OCT to see whether MDA also correlates with the reported functional deficits in those patients.
We showed, for the first time to our knowledge, a flatter S2 component of the dark adaptation course in young preterm-born children with and without spontaneously regressed ROP in the presence of MDA, but not with normal macular morphology. This demonstrated that MDA not only has significant long-term effects on central cone photoreceptors, affecting central photopic function seen with reduced light increment sensitivity (LIS), but also indicates a more widespread disturbance of rod photoreceptor function up to the morphologic rod ring where rod density is highest. The impairment is substantial and could affect the daily life of children, especially when rapidly changing lighting conditions occur from bright light to darker conditions (e.g., tunnel entries). Considering the findings of previous studies of preterm-born and ROP subjects, [3] [4] [5] 11, [15] [16] [17] our present results indicated that persistent malfunctioning of the photoreceptor outer segments may be present in preterm-born children, independent of ROP.
